We tested the hypothesis of species taxonomy in the genus Gnopharmia (Macariini, Ennominae) that was recently established in a review based on discrete morphological characters. For this objective we integrated both DNA-based and morphometric approaches in order to infer species boundaries. A 658-bp fragment of the mitochondrial cytochrome c oxidase subunit 1 (CO1) (DNA barcode) was analysed from populations of five species distributed throughout the Middle East to assess their consistency with traditionally defined morphospecies. Signals in the morphological variation of the aedeagus of all relevant populations were evaluated using geometric landmarks. Consistent groupings compatible with the current taxonomic classification were found with both approaches. The results strongly support the distinction of seven closely related species.
INTRODUCTION
Taxonomy has experienced a renaissance in the past decade in the form of a new integrative, multidisciplinary approach for species delimitation. Today, taxonomy can be faster and more reliable than previously (Padial et al., 2010) . Amongst the different methods that have been used and that have demonstrated benefits (Schlick-Steiner et al., 2010) , DNA taxonomy and barcoding have emerged recently as rapid and effective methods for species identification, delineation, and accelerated biodiversity assessment (e.g. Hajibabaei et al., 2006; Pons et al., 2006; Ahrens, Monaghan & Vogler, 2007; Stoeckle & Hebert, 2008; Valentini, Pompanon & Taberlet, 2008; Smith & Fisher, 2009; Zhou et al., 2009; Hebert, deWaard & Landry, 2010) . Although DNA taxonomy and barcoding follow different assumptions and approaches , their effectiveness has been shown in many studies on both vertebrate and invertebrate taxa (e.g. Hajibabaei et al., 2006; Clare et al., 2007; Monaghan et al., 2009; Rivera & Currie, 2009; Robinson et al., 2009; Raupach et al., 2010; da Silva et al., 2011; Hausmann, Haszprunar & Hebert, 2011; Lakra et al., 2011; Astrin et al., 2012) . Data from DNA barcoding can lead to and contribute sound, substantiated results in taxonomy when combined with other types of data (e.g. distinction of morphospecies).
Modern morphometric analyses have also become a favoured tool for quantitative and multidimensional comparison of morphological characters (Schlick-Steiner et al., 2006; Bichain et al., 2007; Hahn et al., 2011; Toth & Varga, 2011; von Reumont et al., 2012) . Landmark-based geometric morphometry (Rohlf, 1993; Rohlf & Marcus, 1993; Bookstein, 1997) allows the evaluation of phenotypic differentiations and has a high discriminatory power at species and even subspecies level (Adams & Funk, 1997; Alibert, Moureau & Dommergues J-L, 2001; Villegas, Feliciangeli & Dujardin, 2002; Nolte & Sheets, 2005) . The common species-specific diversity of insect genitalia (Eberhard, 1985; Shapiro & Porter, 1989 ) makes this trait fit for morphological analyses of species divergence. Multivariate analyses of these morphological data allow closely related species to be distinguished (Wakeham-Dawson et al., 2004; Toth & Varga, 2010 .
In this context, DNA barcoding and geometric morphometry were used to identify and classify species of the genus Gnopharmia Staudinger, 1892 (Geometridae, Ennominae) . This taxon has a very complicated taxonomy, and the validity of species and subspecies within this genus has been challenged by several authors (e.g. Lederer, 1870; Staudinger, 1892; Staudinger & Rebel, 1901; Prout, 1912 Prout, -1916 Wehrli, 1938 Wehrli, , 1939 Wehrli, , 1939 Wehrli, -1954 Ebert, 1965; Wiltshire, 1967 Wiltshire, , 1970 . However, none of these studies led to satisfactory conclusions because the external morphological characters of adult specimens (e.g. wing pattern) are subject to strong infraspecific variability and plasticity, and discrete characters of genitalia are limited. In a recent taxonomic revision, a large data set (> 2000 specimens and around 900 genitalia preparations including type series of all taxa) was studied with scanning electron microscopy (SEM) and light microscopy (Rajaei Sh, Stüning & Trusch, 2012) . Based on this morphological study, ten out of 19 taxa of the genus were synonymized and an updated checklist of the genus, currently comprising nine valid taxa in seven species, was provided as follows: (1) Gnopharmia cocandaria cocandaria (Erschoff, 1874) and Gnopharmia cocandaria afghanistana Wiltshire, 1967; (2) Gnopharmia colchidaria colchidaria (Lederer, 1870) , Gnopharmia colchidaria sinesefida Wehrli, 1941 , and Gnopharmia colchidaria objectaria Staudinger, 1892; (3) Gnopharmia erema Wehrli, 1939; (4) Gnopharmia irakensis Wehrli, 1938; (5) Gnopharmia kasrunensis Wehrli, 1939; (6) Gnopharmia rubraria Staudinger, 1892; and (7) Gnopharmia sarobiana Ebert, 1965 (see Rajaei Sh et al., 2012 for more details on new taxonomic changes). However, some taxonomic questions still remained unresolved. For example, the populations of G. rubraria from west and central Turkey are highly variable in wing colour and genitalia in comparison with specimens from east Turkey, Syria, and Israel. A second question concerns three morphs (or so-called subspecies; Rajaei Sh et al., 2012) of G. colchidaria that show clear differences in their genitalia. Although Rajaei Sh et al. (2012) considered the variation in populations of G. rubraria to be intraspecific clines within the species and defined the three morphs of G. colchidaria as subspecies, further tests are in order. We tested the delimitation of these taxa by using molecular and morphometric methods.
The aim of this study was to delimit the species of the genus Gnopharmia based on (1) DNA barcodes, employing distance clustering and parsimony network analyses, and (2) assessment of aedeagus characters based on eight landmarks analysed with principal component analyses (PCAs) and canonical variates analysis (CVA). All results are compared with earlier taxonomic classifications (Rajaei Sh et al., 2012) .
MATERIAL AND METHODS

SAMPLES
We sampled five of the seven species of Gnopharmia for DNA sequencing, whereas six species were part of a morphometric analysis (Table 1) . For two species, G. erema (reported only from Iraq) and G. sarobiana (distributed only in eastern Afghanistan), no suitable material was available for DNA extraction. Specimens were either freshly collected in Iran or loaned from different collections: Staatliches Museum für Figure 1 and Table S1 (Supporting Information Appendix)]. All analysed Gnopharmia specimens (adults) were photographed in dorsal and ventral views. Specimens were identified based on the genital morphology and compared with type material (except specimens that were sequenced as part of other projects; see Table S1 ). One leg of each individual was used for DNA extraction. All voucher specimens are preserved in their original collections for future reference (see Table S1 ).
DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING
For each specimen total genomic DNA was extracted from a leg following a standardized high-throughput protocol (Ivanova, deWaard & Hebert, 2006) . The barcode region, consisting of approximately 650 bp of the mitochondrial cytochrome c oxidase subunit 1 (CO1), was amplified with two alternative sets of primer pairs: LepF1/LepR1 and MLepF1/MLepR1 (Hajibabaei et al., 2006) . PCR was performed in 12.5 ml volume containing 2 ml H 2O, 1.25 ml 10 ¥ PCR buffer, 6.25 ml 10% trehalose, 0.0625 ml deoxyribonucleotide triphosphates (10 mM), 0.625 ml MgCl 2 (50 mM), 0.06 ml Platinum Taq polymerase (Invitrogen), 0.125 ml of each primer (10 mM), and 2 ml DNA template. The PCR included an initial denaturation at 94°C (1 min), followed by five cycles of 94°C (denaturation, 40 s), 45°C (annealing, 40 s), and 72°C (extension, 1 min), an additional 35 cycles at 94°C (40 s), 51°C (40 s), and 72°C (1 min), and a final extension step of 72°C (5 min). PCR products were visualized on 96-well precast 2% agarose gels. An ABI 3730xl DNA Analyser (Applied Biosystems) was used for bidirectional sequencing with BigDye (v. 3.1), using the same primers as used in PCR. We performed BLAST searches in GenBank to check for contamination (Altschul et al., 1990) . DNA extraction, PCR, and sequencing were carried out at the Canadian Centre for DNA Barcoding (CCDB) of the University of Guelph. All trace files, images, global positioning system coordinates, specimen data, and taxonomic data are accessible via the Barcode of Life Data System website (BOLD, http://www .barcodinglife.org) under the project: 'Gnopharmia of the Palaearctic [GEAGN]' (Table S1 ). Sequences are also available in GenBank (for accession numbers see Table S1 ). 
PHYLOGENETIC ANALYSIS AND SPECIES DELIMITATION
All sequences were edited using BioEdit (v. 7.1.3) (Hall, 1999) and aligned using MAFFT (v. 6) (Katoh et al., 2002) . Two sequences (Neognopharmia stevenaria and Isturgia sublimbata) were used as outgroups (see Table S1 for accession numbers). A substitution model test was performed with MODEL-TEST as implemented in MEGA5 (Tamura et al., 2011) . Maximum likelihood and neighbour-joining trees with 1000 pseudoreplicates (Felsenstein, 1985) were calculated with MEGA5. Pairwise distances were calculated within and between the morphospecies using a Kimura two-parameter model. The barcode gap was calculated following Puillandre et al. (2012) (Fig. 2) .
Statistical parsimony networks were determined using TCS v. 1.3 (Clement, Posada & Crandall, 2000) . Parsimony network analyses partition the sequence data into groups of closely related haplotypes connected by branches with a > 95% probability of being nonhomoplastic. Based on the TCS analysis, identical haplotypes were removed from the data set for further analysis. All haplotype networks were mapped on an ultrametric tree of haplotypes (Fig. 3) .
We used the general mixed Yule coalescent model (GMYC) of Pons et al. (2006) to infer species boundaries by delimiting mtDNA clusters based on the transition from slow to faster apparent branching rates on the gene tree expected at the species boundary. The method reconstructs a threshold 'age' such that nodes before the threshold are considered to be speciation and nodes subsequent to the threshold reflect coalescence occurring within each species.
Distance-based clustering was carried out using the Species Identifier module within TaxonDNA (v. 1.6.2) (Meier et al., 2006) . This approach clusters the sequences to the putative species based on their p-distances under a preselected threshold (Meier et al., 2006; Hendrich et al., 2010) . Species Identifier groups all distances from a clique (where all individuals are connected to each other by distance values below a cut-off threshold) into a single cluster, as it does with quasicliques (where some individuals are connected indirectly, i.e. some distances in the cluster infringe the threshold). For the calibration of the cut-off threshold, we determined the percentage of threshold for the best match between the resulting clusters and the morphospecies represented in the data set. Finally, the resulting species were mapped on the ultrametric tree based on their species cluster (Fig. 3 ).
MORPHOMETRIC ANALYSIS
Landmark-based geometric morphometry (Bookstein, 1997; Zelditch et al., 2004; Klingenberg, 2009 ) was applied to analyse abdominal sternite VIII, forewing venation, and aedeagus shape. However, because neither the shape of abdominal sternite VIII nor of the wing venation allowed differentiation between the majority of the morphospecies, analyses of these two traits are not reported here. In contrast to these two traits, the landmark-based analysis of aedeagus shape (Fig. 4 ) was found to be much more informative (see also Rajaei Sh et al., 2012) . For this data set, eight homologous landmarks (LMs) (Fig. 4 , LMs 3-10) per individual were digitized using the TPS software package (Rohlf & Marcus, 1993; Rohlf, 2004a, b) . LMs 1 and 2 were used for the scaling process. As an additional character, the fore-and hindwing was tested separately using 11 LMs each. Subsequent analyses of the landmark data were conducted using the IMP software package (Sheets, 2002) . The generalized least square Procrustes superimposition (Rohlf, 1990; Rohlf & Slice, 1990) integrated into the program CoordGen6f (Sheets, 2002 ) was used to remove nonshape variation as effects of size and position by scaling all specimens to unit size, translating them to a common location, and rotating them to line up their corresponding landmarks as closely as possible. By this procedure the Procrustes superimposition minimizes differences between landmark configurations without altering shape.
Shape diversity of samples was analysed with PCA (Chatfield & Collins, 1980; Morrison, 1990) and CVA (Mardia, Kent & Bibby, 1979; Campbell & Atchley, 1981) . PCA variables were used to examine variation amongst individuals within a sample and to eventually find distinct outliers, which might point to errors in species identification or to misplaced landmarks. A CVA analysis was performed directly on the data. The resulting scatter plots show the group's consistency and illustrate the relative position of groups to each other in relation to the overall variance. The specimens were grouped according to the results of the CO1 analyses to check for consistency. The program used to conduct the analyses was CVAGen6o (IMP package: Sheets, 2002 ).
An assignment test as implemented in the CVAGen6o program was used to test for stability and differentiation of the groups at individual level. The degree of differentiation between the tested groups was measured by the Mahalanobis distance (Mahalanobis, 1936) of each specimen from the mean value of the CVA scores for each group, and assigning each specimen to its closest group. The assignment test determines the probability that the Mahalanobis distance between an individual and the mean of the group is larger than expected under a null model of random variation around the mean of each group. The approach used follows Cornuet et al. (1999) . In this method, the distribution of distances produced by a Monte Carlo simulation is used to determine whether or not the observed distance of a given specimen is consistent with the null model of random variation around the mean of the group to which the specimen is assigned.
We performed jack-knife assignment tests (1000 trials) to analyse the robustness of the data set with 30, 50, 70, and 90% of the samples randomly sorted out at a time (Quenouille, 1956; Tukey, 1958) . Circularity in the assignment process was avoided by not using the assigned specimens during the axes calculation. Afterwards, the fit of the abstracted samples of this new compound data set was tested. Percentage values for assignment success are specified as significant or insignificant and as correct or incorrect assigned trials. Goodall's F test (Fisher, 1925) integrated in the TwoGroup6h program (Sheets, 2002) was used to perform pairwise comparisons of several populations to test the significance of the difference between samples using a Procrustes superimposition. To ensure that the observed differences did not arise by chance from sampling a single population, specimens of the groups were pooled to draw bootstrap sets of the original sample size. From these pairs the F-ratio was computed. The bootstrap sets with an F-value at least as large as the original set were counted and divided by the number of iterations to calculate the probability (P-value) of obtaining the original samples under the null hypothesis (Snedecor & Cochran, 1967) .
RESULTS
DNA SEQUENCING
Although many of the individuals examined were pinned museum specimens (usually not older than ten years), complete DNA barcodes were amplified successfully in most cases. Sample size per species ranged from nine (G. cocandaria) to 105 (G. colchidaria) specimens (see Table S1 for more information). Complete DNA barcodes were obtained for 218 specimens from five Gnopharmia and two outgroup species. The complete alignment has 107 variable sites with 93 parsimony-informative positions. Base composition is AT biased (T: 39.9%; C: 14.8%; A: 30.7%; G: 14.6%), as is typical for insects (e.g. Wei et al., 2010) . A substitution model test suggested a general timereversible + G model (with Bayesian score: 7674.198 ) as the best model for the maximum likelihood analysis.
Pairwise distance analysis revealed a significant difference between intra-and interspecific distances (Table 2 ) and a barcode gap with a distance of 2.4% (Fig. 2) . Maximum intraspecific distances ranged from 0.29% (in G. irakensis) to 0.9% (in G. rubraria), whereas minimum interspecific distances had values from 2.7% (between G. rubraria-G. kasrunensis) to 5.86% (between G. irakensis-G. colchidaria objectaria) ( Table 2) .
Maximum likelihood and neighbour-joining topologies were highly similar, with all five sequenced morphospecies resulting as monophyla (bootstrap values > 90%; except for G. kasrunensis; Fig. 3) . Minimum distances between morphospecies were higher than 2.5%.
CO1 data revealed two distinct intraspecific genetic (or haplotype) lineages within clades in the following taxa:
0.5%), and G. cocandaria (D: 0.5%). In the case of G. colchidaria colchidaria, G. colchidaria objectaria, and G. colchidaria sinesefida, none of the infrasubspecific taxa (subspecies) was monophyletic. Populations of G. rubraria from west, central, and south Turkey had a distance of 1.6% from the populations from south-east Turkey, Israel, and Syria.
SPECIES DELIMITATION ANALYSIS
The parsimony network analysis subdivided the 72 unique haplotypes into five different networks, perfectly matching with the morphospecies (Fig. 3) . The highest match between DNA clusters under distancebased clustering and morphospecies was found at a threshold of 1.25%. Applying this threshold in Species Identifier, haplotypes were grouped into six different clusters (Fig. 3) that were widely consistent with the morphospecies. Only G. rubraria s.l. was split into two groups.
The GMYC analysis with a single threshold resulted in extreme over-splitting, with a total yield of 43 GMYC units and a very narrow confidence interval of zero entities. The likelihood ratio between GMYC and the null model was 293.61 [with significance in the likelihood ratio test P = 0.0001; LnLH(G-MYC) = 662.2; LnLH(0) = 515.4; LH = likelihood].
MORPHOMETRIC ANALYSIS OF THE AEDEAGUS
As previously stated, analyses of the wings were not informative and are not presented here. With regards to the aedeagus, individuals clustered according to the morphospecies. A remarkable separation of G. irakensis from the rest of the species was found on the first PC axis. In an additional analysis this group was taken out because of the strong difference in its aedeagus. This had no influence on the results of the PCAs and CVAs. Therefore, further results are presented with G. irakensis included. Another distinct separation was G. sarobiana on the second PC axis (see Fig. 5A ). For all other species we found various degrees of differentiation from each other on PC axes 3-6, explaining 83.73% of the total variation.
To get a clearer picture of the segregation of species, the investigation of group differences was continued with a CVA, resulting in seven significant axes (Table S2 ). The first CV axis confirmed the distinct positioning of G. irakensis, whereas the second separates G. rubraria s.l. from the rest (Fig. 5B) . The third CV axis (Fig. 5C ) places G. cocandaria and G. sarobiana on opposite edges with no overlap between the groups. Although G. colchidaria sinesefida is always placed closely to G. colchidaria objectaria, both groups show only minor overlapping regions. Both groups are separated from G. cocandaria. The fourth CV axis shows a substantial separation of G. colchidaria colchidaria from the rest of the groups (Fig. 5D ). This group shows overlapping regions with G. colchidaria objectaria and G. colchidaria sinesefida on all other axes. Gnopharmia kasrunensis shares the distinction from G. irakensis on the first, and G. rubraria (SE) and G. rubraria (W) on the second CV axis (Fig. 5B) . The latter two groups overlap along all axes and could not be separated according to the CV axes. Gnopharmia sarobiana is separated as a distinct group on the third and fourth axes (Fig. 5D) , and on others has a minor overlap with G. colchidaria s.l. The three remaining significant CV axes showed continuous overlap in the scatter plots.
The distinctiveness of shape differences between the observed groups of Gnopharmia was expressed in the individual-based assignment test on the basis of the canonical variates scores. In total, 94.93% of the specimens were reassigned to their original group (Table S3 ). The highest assignment success (100%) was reached by three groups: G. colchidaria, G. irakensis, and G. sarobiana. The lowest percentage of correct assignments was found in G. cocandaria (86.2%). In this species, 13.8% were assigned to G. colchidaria objectaria, which itself had 1.9% of incorrect back assignments to G. cocandaria. Reciprocal wrong assignments were also present in G. kasrunensis, G. colchidaria objectaria, G. colchidaria sinesefida, and in the G. rubraria (SE) and G. rubraria (W) groups.
A jack-knife test of group assignments revealed a very consistent signal in the specimens' grouping even when large partitions of the whole data set were removed. The discriminatory power of the CV axes did not break down until 90% of specimens were excluded. At this point, a total of 70% of correct assignments was reached (Table S4 ).
In a pairwise comparison, the F-test was used to check whether the shape of the aedeagus differs significantly. Bootstrap pseudoreplicates were performed with 2500 iterations to minimize the chance that a larger population was arbitrarily divided into two groups.
The chance that the tested pairs were actually one group was given as P = 0 for all pairs except one. The pair G. rubraria (SE) and G. rubraria (W) had a P-value of P = 4.4487 -10
. The greatest distance was found between G. irakensis and G. rubraria (W) with a partial Procrustes distance (PPD) = 0.2731 and the highest F-value = 225.12. The lowest distance was again found between G. rubraria (SE) and G. rubraria (W), with a PPD = 0.0576 and the lowest F-value = 6.18. The mean values were PPD mean = 0.1611 and F mean = 75.05.
DISCUSSION
Complex taxonomic hypotheses are most reliably tested by an integrative taxonomy approach. Here we combine evidence from mitochondrial CO1 sequences, geometric morphometry, and the results of previous traditional morphological study (Rajaei Sh et al., 2012) to confirm the taxonomic status of the species in Gnopharmia. The results of these three different approaches are highly congruent.
GNOPHARMIA KASRUNENSIS
The G. kasrunensis clade is monophyletic and includes two separate intraspecific lineages. One lineage is represented by three haplotypes from the same locality (Bashagerd, south Iran; RD1159, RD1160, and RD1165) and the second one is composed of all other haplotypes of this species. The low minimum distance (1.67%) and lack of clear morphological differences between these two lineages are evidence for their status as one species. All analysed specimens also nested in the same cluster and network (Fig. 3) . Interestingly, the Bashagerd population appears to be isolated and recently differentiated, most likely after the last glacial maximum's bottleneck events (Rajaei et al., 2013) .
The separation of G. kasrunensis from all other taxa on the CV axes can be seen in Figure 5B and C. Additionally, the clade is further supported by a good performance in the assignment test. Despite minor morphometric overlaps with G. colchidaria sinesefida and G. kasrunensis, these sympatric species are easily delimited based on many discrete characters of their genitalia (Rajaei Sh et al., 2012) . Gnopharmia kasrunensis occurs in most parts of the Zagros Mountains, which are the central and western mountains of Iran.
INTEGRATIVE TAXONOMY OF GNOPHARMIA 77
GNOPHARMIA RUBRARIA
We found two distinct lineages in this well-supported clade (bootstrap support > 0.96). Whereas the maximum parsimony network analysis united all haplotypes of this species into one single network, distance-based clustering analysis separated them into two distinct clusters. However, taking the threshold of the barcode gap (2.4%) into account, the minimum distance between these two clusters (1.7%) seems insufficient to separate them into two different species.
The morphometric data present a similar picture. In the assignment test (Table S3) , the two groups found by distance-based clustering appear distinct from each other with a few incorrect assignments. Taking these groups as one cluster, we get a highly distinctive complex with 100% correct assignments. This complex can also be identified on the CV axes, where both groups tend to appear as one group with high shape similarity and a distinction of both taxa cannot be confirmed.
It should be kept in mind that there is no geographical barrier or separation between these two groups: in several localities in south-eastern Turkey specimens with both wing patterns can be observed (see Rajaei Sh et al., 2012) and even gradual transitions can be found. In this context, the colour pattern shows a transition from orange in Israel, Palestine, and Syria, to a mix of orange-grey in eastern Turkey, and grey in Central and western Turkey. Consequently we do not define new subspecies here; instead we hypothesize the existence of a cline in colour pattern. According to this hypothesis, G. rubraria is distributed from Palestine and Israel to south-eastern Turkey, including its central and western parts.
GNOPHARMIA COCANDARIA
This clade shows a high minimum distance (> 4%) from all other species. Morphological characters resemble those of G. kasrunensis with some subtle differences, but the minimum distance between the two species (4.6%) confirms their separation at species level. Both species are also geographically separated from each other (G. cocandaria in Uzbekistan, Tajikistan, Kyrgyzstan, and northern Afghanistan and G. kasrunensis in central and western parts of the Zagros Mountains in Iran). The clade G. cocandaria contains two lineages. The minimum distance between the two intraspecific lineages is 0.9%, indicating intraspecific variation. Beside the lack of morphological distinctiveness (also including genital characters), these two lineages are not geographically separated (Rajaei Sh et al., 2012) . Consequently it is unlikely that these two lineages represent subspecies. Gnopharmia cocandaria afghanistana (Wiltshire, 1967) has been described based only on a male holotype from Afghanistan. Rajaei Sh et al. (2012) retained the validity of this subspecies as an open question; because of the lack of adequate material and DNA data it could not be considered in this analysis.
The results of the morphometric analyses show a group that has a strong tendency to separate from the rest. However, a continuous overlap can be observed with G. colchidaria objectaria (see Fig. 5 ). This is quite interesting because although G. cocandaria s.l. represents a morphologically and geographically (see Fig. 3 ) close group to G. colchidaria objectaria, they are still separated by a genetic distance of at least 4%. This fact supports our hypothesis about their separation.
GNOPHARMIA COLCHIDARIA SENSU LATO
Three subspecies have been defined by morphology so far for this species (G. colchidaria colchidaria, G. colchidaria objectaria, and G. colchidaria sinesefida) , with clearly separated distribution ranges confirmed (Rajaei Sh et al., 2012) .
Haplotype analysis showed that the only complete CO1 sequence of G. colchidaria colchidaria belongs to haplotype 2 (the most widespread haplotype in this analysis, Fig. 3) , and nests in the same genetic clade as G. colchidaria sinesefida and G. colchidaria objectaria. The minimum distance between G. colchidaria colchidaria and G. colchidaria sinesefida is extremely Table 2 ). A recent divergence could be responsible for low divergence of the CO1 sequences between these two subspecies, despite the fact that multiple differences in discrete characters of the genitalia (see Rajaei Sh et al., 2012) separate them. Consequently we do not reject the subspecies status of G. colchidaria sinesefida.
Our morphometric analysis shows a clear separation of G. colchidaria colchidaria on the fourth CV axes from the other subspecies (Fig. 5D ) and 100% correct assignments in the assignment test (Table S3) . These results match with the results of previous work based on the morphology of genitalia (Rajaei Sh et al., 2012) and show a high correlation with Caucasian populations of G. colchidaria colchidaria, which represent geographically separated populations. Based on all these findings, we regard the other taxa (G. colchidaria objectaria and G. colchidaria sinesefida) as subspecifically but not specifically distinct from the nominate colchidaria, and hence continue to treat the nominate form as a distinct subspecies. An alternative hypothesis of the taxonomic status of the nominate subspecies is that this taxon may be a well-established species. In this situation, the lack of resolution at the molecular level may indicate introgressive hybridization (e.g. Sota et al., 2001; Cianchi et al., 2003; Pauls et al., 2009 ). More molecular data are definitely needed to test this hypothesis.
In the ML tree, the haplotypes of the morphologically defined subspecies (G. colchidaria objectaria and G. colchidaria sinesefida) are not separated. Although one lineage of G. colchidaria sinesefida is distinct (RA2157, SMNK339, SMNK378), the minimum distance between this lineage and all other analysed specimens of G. cocandaria s.l. is low (1.6%). Furthermore, there are no significant morphological differences between this lineage and other G. colchidaria sinesefida specimens. Cluster as well as haplotype analysis indicated the existence of one single cluster that includes all specimens.
Gnopharmia colchidaria objectaria and G. colchidaria sinesefida can be separated from each other quite easily based on morphology (Rajaei Sh et al., 2012) . Furthermore, they are geographically separated: G. colchidaria objectaria occurs from south Turkmenistan in north-east Iran to western parts of Afghanistan and the north of Pakistan, whereas G. colchidaria sinesefida is distributed in the Zagros Mountains in the western and southern parts of Iran. Separation of these two taxa at species level is not very likely given their low minimum distances (1.1%).
As revealed by our morphometric analyses, both groups (G. colchidaria objectaria and G. colchidaria sinesefida) form a complex of two sets of specimens that share similarities in geometric shape without losing their own group consistency. Gnopharmia colchidaria colchidaria is distinct from both other subspecies with 100% correct assignments.
GNOPHARMIA IRAKENSIS
The Gnopharmia irakensis clade is monophyletic, supported by high bootstrap values in the CO1 tree (0.92). This clade is composed of two major lineages at a minimum pairwise distance of 0.9%, one represented by the three haplotypes (SBB01, SBB02 SBB03) from Pakistan and the other by the specimens from Iran. Nevertheless, morphological characters show no evidence of this divergence. Furthermore, cluster and haplotype analysis defined them in a single cluster and network (Fig. 3) . Morphometric analyses dramatically corroborate the species' distinction. The first CV axis shows a striking distance from all other species: mean distances and F-values were the greatest of all tested groups and finally we get 100% of correct assignments. All analyses presented G. irakensis as a well-established and distinct species. The species is distributed sympatrically with other congenerics (Rajaei Sh et al., 2012) extensively throughout the Middle East.
GNOPHARMIA SAROBIANA
As we had no sequence data that was restricted to Afghanistan for this species (only old material > 15 years was available), we were only able to include it in the morphometric analyses. In the PCAs (Fig. 5A) and CVAs (Fig. 5B-D) , this taxon was well separated from other taxa. All other tests supported this result (e.g. assignment success: 100%, Table S3 ). Consequently, we accept the results of traditional morphological studies here but still await DNA data to verify the phylogenetic placement.
CONCLUSIONS
As part of our comprehensive morphometric, morphological, and molecular analyses, we have been able to clarify some important aspects of the phylogeny and taxonomic status of species in the genus Gnopharmia. Our analyses confirmed the validity of the following six species: G. kasrunensis Wehrli, 1939 , G. rubraria Staudinger, 1892 , G. cocandaria (Erschoff, 1874 , G. colchidaria (Lederer, 1870) G. sarobiana Ebert, 1965, and G. irakensis Wehrli, 1938. However, there are still some open questions, e.g. what is the extent of genetic differentiation between G. sarobiana or G. erema as well as nominate subspecies of G. colchidaria and the other taxa. Furthermore, additional specimens of G. cocandaria afghanistana need to be studied in future to define its validity as a separate subspecies. Finally, a comparative study of nuclear DNA using a multiple gene approach would provide valuable evidence to resolve the problematic taxonomy within this genus.
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